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The performance of  Kenics (KM) and Sulzer (SMX+) designs of static mixer has 
been investigated for the mixing of immiscible fluids using in situ optical 
measurements. The fluids used are water as the continuous phase and Lytol 
mineral oil in the presence of a non-ionic surfactant (Span 80) as dispersed 
phase. The dispersed phase volume fraction was between 0.0072%  and 0.028 % 
and the superficial velocities ranged from 0.16 to 0.91 m/s. The pipe diameter 
was 0.0127 m and 6 or 12 mixing elements were used for each mixer type. 
Planar Laser Induced Fluorescence (PLIF) has been used to obtain images of the 
droplets formed in a traverse section across the mixer outlet. Image analysis 
methods have been developed, based upon the areal distribution and 
individual striation methods proposed  by Alberini et al. (2014a, 2014b) for the 
blending of miscible fluids. The analysis enables drop size distributions to be 
obtained as a function of the number of mixing elements, interfacial tension and 
superficial velocity. A model for the drop size distribution has been developed 
in order to predict mixer performance a priori. 
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Chapter 1 
 
Introduction 
1.1 Objectives and aims 
The purpose of the present thesis is to deepen the knowledge about mixing of 
immiscible fluids in static mixer. These devices are important in several 
industrial processes and their use has become increasingly widespread thanks 
to their versatility and the low running costs. These ones and other advantages, 
that characterize their employment, have pushed the research to investigate the 
events that happen while a multiphase flow crosses static mixer. Emulsions are 
often blended using these motionless devices and, in general, the quality of the 
final products are closely related to mixing performance.  
Amongst the several industrial products that involve emulsions, there are 
valuable products like pharmaceuticals or cosmetics/body care products that 
require strict properties for the effectiveness of the product. In general the 
online control of the microstructure of the emulsion is difficult and slow, it 
often requires sampling and measuring offline that causes delays in correcting 
and handling the process. This procedure can cause losses and defects in the 
final results, even if many efforts are made every day for providing better 
measuring and control devices.  
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The purpose of this work is investigating another way to ascertain that the 
microstructure of the products is the desired one by using bulk properties 
within the process. Indeed, if it is intricate for example to measure the 
interfacial tension or the drop size distribution of the dispersed phase of an 
emulsion, it is much easier to detect the temperature or the pressure drop of the 
whole flow. Basically, the objective of the research is modelling the drop size 
distribution using the pressure drop data for providing to the designer and the 
controller a useful tool for the set-up of the process. 
For achieving this purpose several experimental data have been collected using 
an emulsion of oil in water. The first performed experiment was the detection of 
pressure drop of the double-phase flow crossing the static mixer. Different 
models and numbers of elements of static mixer have been involved in the 
experiments. The second part of the work has been done in the laser laboratory, 
where the PLIF technique has been developed and applied successfully to the 
analyzed system. The Planar Laser Induced Fluorescence (PLIF) technique has 
been used to characterize the drop size of the emulsion after passing through 
the mixing elements. The dynamic of an emulsion formation and the 
thermodynamic of the droplet breakup have not been analyzed before using the 
classical PLIF; despite this, the developed method has been found to be reliable 
and repeatable as explained in detail in Chapter 4. 
After the experimental part done in the laboratories, the processing and 
analysis of the data have required the use of the software MATLAB 
(MathWorks®). The PLIF images processing has been found to be the crucial 
part of the analysis as further explained in the paragraph 4.2. Once the codes 
have been implemented, the drop size distribution data of the dispersed phase 
have been related to the energy input into the system, in order to enhance the 
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understanding in the emulsion dynamic and proposing an energy model to 
predict the mixing performance. 
1.2 Structure of the thesis 
This dissertation consists of five chapters: 
In the present chapter, the motivation and the goal of this work are discussed. 
The topic of the research is introduced and the outline of the experiments 
briefly illustrated. 
Chapter 2 presents the state of the art in this field. Basic but fundamental 
information are provided for the development of the study. First, basic 
emulsion stability principles, including information about emulsification 
processes, surfactants, and the most important emulsion breakdown 
mechanisms are discussed. Then the most employed mixing equipments are 
presented enlightening the advantages of continuous motionless devices. 
Finally, the drop size characterization of the dispersed phase is addressed, 
explaining the most important techniques and parameters involved. 
In the Chapter 3 the experimental approach is described. The techniques, 
instruments and materials employed in this work are presented in details. 
Chapter 4 is about the experimental and analysis part of the research. In the first 
part the pressure drop collection is explained and the experimental data are 
compared with the literature models and expectations. In the second part the 
image processing is described and the drop size distribution data are shown 
and compared with the theoretical predictions. In the last part of the chapter, a 
model, involving the pressure drop and the drop size distribution data, is 
proposed. 
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Chapter 5 summarizes the conclusions of this study and suggests 
recommendations for further research. 
1.3 Publication 
The present work has been presented at the Chem Eng UK Conference in 
Sheffield. All the most important Chemical Engineering departments of the 
United Kingdom have taken part in this event. In the following Figure 1.1 the 
presented poster with the title “Drop size distribution for the blending of immiscible 
fluids in static mixer using PLIF” is illustrated. 
 
 
 
Figure 1.1 Poster presented at the Chem Eng UK 2015 Conference 
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Chapter 2 
 
Literature Review 
2.1 Introduction 
This chapter contains a review of the current literature on the fundamentals of 
multiphase flow and in particular on the equipment and detection systems 
applied in the blending of immiscible liquids. In the first section of this chapter, 
the emulsion nature is analysed focusing on the droplet breakup mechanism. In 
the following part, two different approaches to the dispersing process are 
shown: the batch stirred tank and the continuous devices. Amongst the latter 
the static mixers are described in detail presenting the several commercial 
models. At last, methods to quantify the mixing performance are reviewed 
focusing onto the drop size distribution. 
2.2 Immiscible Liquid-Liquid Systems 
2.2.1 Introduction 
In an immiscible system in general two or more mutually insoluble substances 
are present as separate phases. When the two phases are liquids, the system 
itself is named emulsion. In an emulsion is possible to identify a dispersed or 
drop phase and a continuous or matrix phase, in which the dispersed phase is 
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commonly smaller in volume than the continuous phase (Lemenand, Habchi et 
al. 2014). 
Emulsions are meta-stable systems (Cramer, Fischer et al. 2004) well known in 
the manufacture industry. Their use ranges from the food industry through 
pharmaceutical, passing through personal care and cosmetics, bitumen, 
cleaning products and wastewater treatment. Even in the oil industry it is 
common to come across emulsions: many crude oils contain water droplets (for 
example, the North sea oil) and these must be removed by coalescence followed 
by separation. Unfortunately, fundamental research on emulsions is not easy 
because model systems are difficult to produce (Das, Legrand et al. 2005). In 
many cases, theories on emulsion stability are not exact and semi-empirical 
approaches are used. 
2.2.2 Emulsions 
As Tadros summarizes in his overview (Tadros 2013), several emulsion classes 
may be distinguished: oil-in-water (O/W), water-in-oil (W/O), and oil-in-oil 
(O/O). The latter class may be exemplified by an emulsion consisting of polar 
oil dispersed in non polar oil and vice versa. To disperse two immiscible 
liquids, one needs a third component, namely the emulsifier. The choice of the 
emulsifier is crucial in the formation of the emulsion and in its long-term 
stability.  
The two fundamental processes occurring during emulsification are drop 
breakup and drop coalescence (Rueger and Calabrese 2013). These are 
concurrent processes, and the relative rates of the two mechanisms determine 
the final drop size (Tcholakova, Denkov et al. 2004). Surfactants can influence 
both these processes: by reducing the interfacial tension and interfacial energy, 
thereby promoting rupture, and by providing a barrier to coalescence via 
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interactions between the adsorbed layers on two colliding drops (Lobo and 
Svereika 2003). 
Another classification that can be done is accordingly to the drop size of the 
dispersed phase: 
 O/W and W/O macroemulsions: size range of 0.1–5 μm with an average 
of 1–2 μm; 
 Nanoemulsions: size range of 20–100 nm. Similar to macroemulsions, 
they are only kinetically stable; 
 Micellar emulsions or microemulsions: these usually have the size range 
of 5–50 nm. They are thermodynamically stable; 
 Double and multiple emulsions: these are emulsions-of-emulsions, 
W/O/W, and O/W/O systems;  
 Mixed emulsions: these are systems consisting of two different disperse 
droplets that do not mix in a continuous medium. 
To prepare an emulsion, as well as the material, a certain amount of energy is 
needed (Tadros, Izquierdo et al. 2004). Energy is required to expand the 
interface: 
 AE                                                     (2-1) 
where A  is the increase of the interfacial area when the drop with surface A1 
splits producing a large number of drops with total area A2; noting that after the 
breakup A2 >> A1. The other parameter is σ, the interfacial tension. Since the 
interfacial tension is positive, the energy to expand the interface is positive. This 
energy cannot be compensated by the small entropy of dispersion T S and the 
total Gibbs free energy of formation of an emulsion, G is positive: 
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                                    (2-2) 
Thus, emulsion formation is non-spontaneous and energy is required for 
producing the droplets (Capek 2004). The smaller are the droplets, the higher is 
the needed energy. Once again it is important to underline that in the absence 
of any stabilization mechanism, the emulsion has a high probability to break by 
one of the phenomena discussed later. 
 
Figure 2.1 Energy gap in the emulsification process 
 
In Figure 2.1 the energy gap between the separate phases condition and the 
dispersed condition is represented. In the chart, G* is the energetic barrier due 
to the eventual presence of the emulsifier that has the role of avoiding the 
return to the low energy condition. 
 It is a well-known phenomenon that surfactants, even at low concentration, 
influence strongly the droplet formation (Fischer and Erni 2007). They help to 
control the oil droplet size by reducing the interfacial tension and decreasing 
coalescence by affecting interfacial mobility. The drop formation in the actual 
process is due mainly to the Kelvin-Helmholtz instability (Kiss, Brenn et al. 
2011), a phenomenon that takes place when two fluids, with different densities, 
STAG  
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move in parallel flows (Thomson 1871). This mechanism was also found in 
spray formation by pre-filming atomizers (Dorfner et al., 1995). 
In the next paragraph the droplet breakup mechanism will be deeply analyzed, 
but before, to have a full overview of the emulsion process it is important to 
understand the phenomena which affect the emulsification process causing an 
increasing in the final drops size: 
 Creaming and Sedimentation: these processes result from external forces 
usually gravitational or centrifugal. A concentration gradient builds up 
in the system and the droplets start to move to the top or to the bottom, 
depending on the density ratio. In the limiting cases, the droplets may 
form a close-packed structure. 
 Flocculation: it refers to aggregation of the droplets (without any change 
in primary droplet size) into larger units as a result of the van der Waals 
attraction that is universal with all disperse systems.  
 Ostwald Ripening: it comes out from the not null solubility of the liquid 
phases (Taylor 1998). Liquids that are referred to as being immiscible 
often have mutual solubilities that are not negligible. With time, the 
smaller droplets disappear and their molecules diffuse to the bulk and 
become deposited on the larger droplets.  
 Coalescence: it refers to the process of thinning and disruption of the 
liquid film between the droplets with the result of fusion of two or more 
droplets into larger ones. The limiting case for coalescence is the 
complete separation of the emulsion into two distinct liquid phases 
(Kukukova, Aubin et al. 2009).  
 Phase Inversion: it results from an exchange between the disperse phase 
and the medium due to changed conditions in the system (Rao and 
McClements 2010).  
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The physical phenomena involved in each breakdown process are not simple, 
and it requires analysis of the various surface forces involved. In addition, the 
above-mentioned processes (shown in Figure 2.2) may take place 
simultaneously rather than consecutively and this complicates the analysis.  
 
Figure 2.2 Overview of the main breakdown processes (Tadros 2013) 
 
Preventing the occurrence of those phenomena is crucial for the long term 
stability of the emulsion, in this, adsorbed surfactants exert their role. The main 
mechanisms are two:  
 steric stabilization; 
 electrostatic stabilization.  
Steric stabilization arises from a physical barrier to contact and coalescence. 
High-weight polymers molecules are widely used for this scope; essentially 
they adsorb to the surface of the droplet from one end and extend outwards, 
thus creating a physical obstruction (Hiemenz and Rajagopalan 
1997,Alboudwarej et al. 2002). 
Electrostatic stabilization is based on the mutual repulsive forces that are 
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generated when electrical charged surfaces approach each other. In an 
electrostatically stabilized emulsion, an ionic or ionisable surfactant forms a 
charged layer at the interface (Tesch, Gerhards et al. 2002, Dickinson 2003). For 
an oil-in-water emulsion, this layer is neutralized by counter ions in the 
continuous phase. The charged surface and the counter ions are termed a 
double layer. If the counter ions are diffuse (thick double layer), the disperse 
phase droplets act as charged spheres as they approach each other. If the 
repulsive forces are strong enough, the droplets are repelled before they can 
make contact and coalesce, and the emulsion is stable (Schramm 2005). In 
general, electrostatic stabilization is significant only for oil-in-water emulsions 
since the electric double-layer thickness is much greater in water than in oil.  
Both electrostatic and steric forces (Figure 2.3) can prevent aggregation or 
coalescence and hence stabilize emulsions. 
 
Figure 2.3 Surfactant stabilizing action 
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2.2.3 Droplet breakup mechanism 
“It is easy to make droplets (gentle shaking suffices), but it may be difficult to 
make the droplets small enough” (Walstra 1993). 
The prediction and the control of the final drop size of the dispersed phase 
require a deep analysis of the droplet breakup mechanisms. 
Since this difficulty in achieving the satisfying  final dimension, the processes 
are commonly conducted in turbulent regime. Turbulent particles breakup has 
been the subject of an ongoing investigation, beginning with the pioneering 
work of Kolmogorov (1949) and Hinze (1955). Many efforts have been done in 
this field for understanding the turbulent dispersions in stirred tanks and 
pipelines (Shinnar 1961, Sleicher 1962, Arai 1977, Calabrese 1986a, Calabrese, 
Wang et al. 1986b, Wang and Calabrese 1986b, Berkman and Calabrese 1988, 
Hesketh, Etchells et al. 1991, Cabaret, Rivera et al. 2007). Other research has 
focused on the study of particle breakup frequency developing models to 
predict the final drop size distribution (Coulaloglou and Tavlarides 1977, 
Konno, Matsunaga et al. 1980, Prince and Blanch 1990, Tsouris and Tavlarides 
1994, Luo and Svendsen 1996, Eastwood, Armi et al. 2004). 
The break up mechanism starts with the deformation of the drop; to do this, the 
Laplace pressure must be overcome. Laplace pressure is the difference in 
pressure between the convex and the concave side of the curved interface of the 
droplet (supposed as a sphere): 
R
PPP outsideinside
2
                                   (2-3) 
The deformation of the drop required a high external stress and this implies a 
very large pressure gradient. The stress can be due to a velocity gradient or to a 
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pressure difference arising from inertial effects (Walstra, 1993). Naming those 
external stresses as τ it is allowed to state that the droplet breaks if: 
External stress > Laplace pressure (τ > 
R
2
). 
The ratio of disruptive forces to cohesive stress 
R

  is known as the Capillary 
number (Ca) if the regime is laminar or Weber number (We) in the case of 
turbulent flow. 
The flow regime is indicated by the value of the Reynolds number: 
c
lv

 
Re                                                    (2-4) 
In a pipe when: 
 Re < 2100: the regime is laminar; 
 Re > 4000: the regime is turbulent.  
2.2.3.1 Maximum stable drop size in laminar regime 
In laminar flows two different cases can occur: 
 Simple shear: when the velocity gradient and the flow direction are 
parallel; 
 Simple extensional: when the elongation is present and the stretching is 
on a single axis. 
The stress that deforms the drops is:  c ; hence substituting in the 
Capillary number:  
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
 R
Ca c



                                             (2-5) 
If Ca  is small, it means that the interfacial forces dominate and the drop takes a 
steady spherical shape. If otherwise Ca  is large, the shear stress dominates and 
makes the drop deform causing in the end its rupture. 
The value of capillary number corresponding to the maximum stable drop size 
is known as critical capillary number (Weber has a corresponding critical value) 
(Legrand, Morancais et al. 2001):  

 maxRCa ccr



                                          (2-6) 
if Ca  exceeds a critical value CrCa  (of the order of one), the drop bursts. The 
critical capillary number is a function of the viscosity ratio of the dispersed 
phase to the continuous (Pacek, Man et al. 1998). 
2.2.3.1 Maximum stable drop size in turbulent regime 
In a turbulent regime, the kinetic energy is involved in an energy cascade in 
which the kinetic energy is transferred from the largest eddies (of the order of 
pipe diameter) to the smaller eddies and in the end dissipates below eddies of 
Kolmogorov’s scale. This energy applies a stress to the drops causing 
deformation. An important distinction must be done based on the relative size 
of drops and the smallest eddies (Simmons 2014). If the drops are larger than 
Kolmogorov’s length scale (inertial sub-range), they are disrupted by the 
pressure/velocity fluctuation across the drop; in the other case when the 
droplets are smaller than Kolmogorov’s scale the mechanism is similar to the 
laminar case. 
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Figure 2.4 Mutual interaction between drops and eddies in a turbulent flow: 
convection (a), erosion by co-rotating eddies (b), elongation by counter-
rotating eddies (c), multiple scales of turbulent deformation (d) (Paul 
2003). 
 
In the first case, the external stress is proportional to velocity fluctuations: 
)(duc                                                   (2-7) 
and considering Hinze’s (1955) studies, the velocity fluctuations can be related 
to the energy dissipation rate (
lA
QP




  (2-8) for a motionless mixer 
(Middleman 1979, Berkman and Calabrese 1988)): 
31)()( ddu                                               (2-9) 
Substituting in the Weber or Capillary number definition, a critical value is 
found: 
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
 3
5
max
3
2
d
We ccr

                                     (2-10) 
Reversing the formula, it is possible to find a correlation between the maximum 
drop size and the dissipation rate: 
4.0
6.0
max






 


xCd                                    (2-11) 
with 725.0xC  (Hinze, 1955). 
In the other case, when the drops have a size smaller than the smallest eddies 
the correlation is (Davies 1985): 
4.05.01
2max
  Cd                                (2-12) 
In each of the above-mentioned cases to achieve high shearing stress needed to 
deform and break up small droplets, very much energy needs to be dissipated 
in the liquid. The dispersed droplet diameter is also conditioned by the energy 
input into the system. A simple order of magnitude calculation shows that the 
energy spent to form an emulsion is usually much larger than the actual droplet 
surface energy in the final product. Most of the energy is actually lost as heat 
(thermal dissipation) or converted into momentum for phase contacting 
(hydrodynamic mixing) (Fradette, Brocart et al. 2007). 
The energy consumption in the system is basically given by the pressure drops 
that are in general several orders bigger than the surface energy of the drops; 
this energy is defined for a single drop as: 
2
sup dE                                          (2-13) 
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The higher is the diameter, the higher is the energy available in the system for 
starting the breakup mechanism and it is easier for the droplets to split thus. 
The viscosity of the secondary phase also plays an important role in the 
breakup of droplets; the higher the viscosity, the longer it will take to deform a 
drop. The deformation time tdef is given by the ratio of oil (the dispersed phase) 
viscosity to the external stress acting on the drop tdef = μD /τext. 
2.3 Mixing equipment 
2.3.1 Introduction 
The mixing of liquids is a unit operation in which two or more miscible or 
immiscible liquids are mixed together to reach a certain degree of homogeneity 
or dispersion (Paul 2003). Mixing is a common operation for the manufacture of 
a wide range of products such as food, personal care, home care and catalysts 
industry. When the mixing involves immiscible fluids the operation is called 
dispersion. Stirred vessels, rotor-stator mixers, static mixers, decanters, settlers, 
centrifuges, homogenizers, extraction columns, and electrostatic coalescers are 
examples of industrial process equipment used to handle liquid-liquid systems. 
All these operations can be classified as batch or continuous processes (Hall, 
Cooke et al. 2011). In batch processes, stirred tanks and similar devices are used 
to blend fluids, employing an impeller for generating the fluid motion. The 
amount of time required to reach the degree of homogeneity desired is known 
as the blend time or residence time, which is the time spent by the fluid inside 
the tank before reaching the desired level of mixing. Static mixers and similar 
devices are used for continuous processes where fluids are pumped through 
mixing elements installed inside pipes. In the following table the main 
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characteristics of static mixers compared with stirred tanks are reported 
(Thakur, Vial et al. 2003). 
Table 2.1 Comparison between features of static mixer and stirred tank 
 
Static Mixer CSTR 
Small space requirement Large space requirement 
Low equipment cost High equipment cost 
No power required except pumping High power consumption 
No moving parts except pump Agitator drive and seals 
Short residence times Long residence times 
Approaches plug flow Exponential distribution of 
residence times 
Self-cleaning, interchangeable mixers 
or disposable mixers 
Large vessels to be cleaned 
 
2.3.2 Mixing of immiscible liquids in Stirred Tank 
Stirred tanks are generally used for intermixing of mutually insoluble liquids. 
Turbine impellers are often employed for this purpose, because they increase 
the interfacial area. The industrial applications are wide in reacting and non-
reacting systems: extraction, alkylation, suspension polymerization, 
emulsification and phase transfer catalysis. Crucial is the individuation of the 
right energy provision, because a surplus can create undesirable process results; 
for example it can create highly stable emulsions and generate excessive heat, 
which can affect the quality of the final product. It can also cause foaming and 
vapour entrainment in the zone close to the turbine. Turbine impellers provide 
the desired mixing conditions for contacting of immiscible liquids. The turbines 
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are the usual choice even in the case of high viscosity liquids. Several 
correlations have been published in the literature for predicting average drop 
size and drop size distribution based on mixer design parameters and liquid 
physical properties. These correlations take into account the drops break up due 
to the sharing action near the impeller, as well as the coalescence in the zone of 
low circulation away from the turbine. The time required to reach an 
equilibrium drop size distribution depends on system properties and can 
sometime be longer than the process time. Even if for many common systems 
they have been replace by continuous devices, stirred vessels remain powerful 
tools in process industry and find vast applications especially for processing 
highly viscous products (Aubin, Naude et al. 2000, Cabaret, Rivera et al. 2007). 
3.3.3 Mixing of immiscible liquids in Static Mixer 
A static mixer can be a hollow tube or channel with a specific geometrical 
construction that influences the flow structure in a manner to promote 
secondary transverse flows that enhance mass and heat transfer in the cross-
section. The purpose of the elements is to redistribute the fluid in the directions 
transverse to the main flow, giving to it not null radial and tangential 
components. Static mixers divide and redistribute streamlines in a sequential 
fashion using only the pumping energy of the flowing fluid. 
The advantages offered by the use of static mixer in mixing and in heat transfer 
operations have insured an increasing employment of these devices in process 
industries. Amongst the others, their main characteristic is the absence of 
moving mechanical part and the possibility to set a continuous process. The 
small space requirement, low equipment operation and maintenance costs, 
sharp residence time distribution, improved selectivity through intensified 
mixing and isothermal operation, by-product reduction, and enhanced safety 
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are the remaining features that have promoted the use of these devices in 
chemical (Streiff 1997, Thakur, Vial et al. 2003, Ferrouillat, Tochon et al. 2006, 
Ghanem, Lemenand et al. 2014). 
In the literature the actual first patent on a static mixer is dated 1874 
(Sutherland 1874), it was a single element, multilayer, motionless mixer, used to 
mix air with a gaseous fuel. It is only in the early 1950’s that staged elements are 
designed to promote heat transfer (Lynn 1958) and the first industrial 
application dates 1970. Nowadays, they are widely used devices in the process 
industry. They are used in continuous processes as an alternative to 
conventional agitation since equal mixing performance can be achieved with a 
lower energy expenditure. The flexibility of production is also another 
important factor which addresses the development of inline mixing. Static 
mixers for process industry applications were initially developed for blending 
of fluids in laminar flow (Grace 1982) and applications in heat transfer; the 
expansion towards turbulent and multiphase systems were implemented much 
later (Baldyga 2001). Economic and environmental needs have prompted the 
studies on characterizing mixing in industrial processes in the last years 
(Anxionnaz, Cabassud et al. 2008, Lobry, Theron et al. 2011). 
Important handbooks and textbooks discuss fluid mixing and applications in 
process technology from a much wider perspective (Oldshue 1983, Nienow 
1997, Paul 2003). Extensive blending data have been collected by Wadley 
(Wadley and Dawson 2005) for the Sulzer SMV, KM and HEV mixers in the 
transitional and turbulent flow regimes, using a laser-induced fluorescence 
(LIF) technique. Meijer in his work thoroughly analyzes several different 
motionless mixers (Meijer, Singh et al. 2012). 
Different types of static mixer are shown in Figure 2.5. 
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Figure 2.5 Static mixer design options. From left: vortex mixer (KVM), corrugated plate 
(SMV), wall-mounted vans (SMF), cross-bar (SMX), helical twist (KHT), 
cross-bar (SMXL). (Koch-Glitsch, LP.) 
 
Three different stages are introduced to describe the mixing mechanism: 
macromixing, mesomixing and micromixing  (Fournier, Falk et al. 1996, 
Bałdyga and Bourne 1999). In all these cases, the key parameters to compare the 
different available static mixer at the same performance (drop size distribution) 
are the energy consumption or pressure drop and the number of elements 
necessary. In both laminar and turbulent cases the pressure drops in a static 
mixer are related to the pressure drops in an empty pipe, with the same length 
and diameter, by a K factor (KL for laminar and KT for turbulent flow) that is an 
empirically determined parameter for different geometries: 

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Where the standard pressure drop for an empty smooth pipe are: 
2
4
2v
D
L
fP                                           (2-15) 
And the Fanning friction factor is given by the Blasius equation for turbulent 
flow: 
 25.0Re
079.0
f                                                (2-16) 
and in laminar flow by: 
Re
16
f                                                     (2-17) 
In the Table 2.2 the values of KL and KT for different devices. In literature the 
constants for the SMX+, investigated in this thesis, are not available. Though, on 
the website of the producer company it is declared that this static mixer has 
50% lower pressure drop compared to a standard SMX (©Sulzer). 
Table 2.2 Values of KL and KT for different static mixer (Streiff 1997) 
 
Device KL KT 
Empty pipe 1 1 
KMS 6.9 150 
SMX 37.5 500 
SMXL 7.8 100 
SMR 46.9 - 
SMV - 100-200 
   
 
Drop size distribution and dynamics of the liquid-dispersions are important 
characteristics, because their values can affect the quality of the final products. 
In general, in multiphase flows the purpose of the mixing process is to achieve a 
precise drop size distribution. This parameter and its time evolution depend on 
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the relative break-up and coalescence rates. These two phenomena are 
functions of agitation, as well as of physical properties of the mixed phases. 
Narrow size distribution of liquid droplets can be achieved due to the relatively 
homogeneous flow yield in static mixers. However, in order to optimize and 
control liquid–liquid dispersion processes it is essential to understand and 
model the drop behaviour affected by variations of the physical properties and 
the mixing intensity. One important base for mathematical modelling of these 
systems are reliable experimental data. Different models for the prediction of 
the mean diameter of liquid–liquid dispersions in static mixer have been 
proposed in the literature. They are generally derived from models developed 
for batch stirred tanks. 
2.4 Mixing performance for the drop size distribution 
2.4.1 Particle size characterization techniques 
The importance of emulsions in nature and industry has given considerable 
impetus to the development of analytical techniques to provide information 
about droplet size, e.g. light microscopy, electron microscopy, light scattering, 
and electrical conductivity measurements (Dickinson 1982). Most of these 
efforts have brought to the development of industrial instruments nowadays 
widely employed in analyzing emulsions. Nevertheless, each technique has its 
own application fields and limitations, and consequently it is important from 
time to time understanding which one is the most suitable in the specific case.  
Amongst the several available methods, an important classification divides 
them in two big categories: 
 Offline techniques; 
 Online techniques. 
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Microscopic techniques belong to the first category. These methods provide the 
most direct information about the overall microstructure of emulsions, i.e. the 
size and spatial distribution of droplets (McClements 1996). The problem of this 
technique is the preparation of samples for analysis that it is hardworking and 
time consuming and can cause alteration in the properties of the measured 
system. Light scattering based methods are simple to operate and give quick 
answers over a wide range of droplet size distributions (typically 0.1-1000 μm). 
The limitation of these techniques is that concentrated samples must be diluted 
considerably before the measurement. Instruments based on electrical 
conductivity measurements, such as the “Coulter Counter”,  also require dilute 
samples and have the added disadvantage that an electrolyte must often be 
added to an emulsion before analysis to increase the conductivity of the 
aqueous phase. Nuclear magnetic resonance (NMR) techniques have recently 
been developed for measuring the droplet size distribution of concentrated and 
optically opaque emulsions (Soderman 1992). These techniques are based on 
measurements of the restricted diffusion of molecules within emulsion droplets. 
At present, the NMR application is limited because involves expensive 
equipment, requires highly skilled operators, and it has not been adapted 
successfully to on-line measurements. Ultrasonic spectrometry is a particle-
sizing technology which has been developed recently. It has the advantages to 
measure the particle sizes with a non-destructive and non-invasive approach.  
One of the major limitations of the ultrasonic technique is that it cannot be used 
to study emulsions which contain small gas bubbles. This is because the gas 
bubbles scatter the ultrasound so effectively (even at very low concentrations) 
that the ultrasonic signal is completely attenuated.  
Optical methods usually contemplate the addiction of external substances to the 
system and the presence of transparent material to make possible the 
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measurement (Maa and Hsu 1997, Arratia and Muzzio 2004, Alberini, Simmons 
et al. 2014). PLIF has been demonstrated to be effective in providing planar 
concentration measurements in both gaseous and liquid flows (Dahm, 
Southerland et al. 1991, Karasso and Mungal 1996, Unger and Muzino 1999, Pan 
and Meng 2001). 
2.4.2 Characterization of the drop size 
The following expressions describe the common drop size notation used in this 
thesis. The total volume fraction of dispersed phase is ϕ, the total interfacial 
area per unit volume of mixed phases is va , and maxd  is the maximum drop size. 
The Sauter mean diameter, 32d , is a parameter often used for representing the 
average drop size averaged on the volume fraction. It is defined by: 

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where m is the number of size classes describing the drop size distribution 
(DSD), in  the number of drops, and id  the nominal diameter of drops in size 
class i. There are also other mean diameters such as 43d . The subscripts indicate 
that for instance 32d  is formed from the ratio of the third to second moments of 
the DSD. The mean diameter of choice is often 32d , since it is directly related to 
ϕ and va  by  
va
d
6
32                                                  (2-19) 
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Another common parameter is nd ; for instance 10d  is defined as 10% by volume 
of all drops smaller than 10d , 50d  is defined as 50% by volume of all drops 
smaller than 50d  and it is the same for every other value of n in the range 0-100. 
To derive these values it is necessary to plot the size distribution data in terms 
of cumulative volume frequency, defined below.  
The droplet size distribution can be sometimes bimodal or trimodal and this 
shows the presence of multiple breakage mechanism and unusual breakage 
patterns (Paul 2003). 
The DSD can be represented in a discrete or histogram form in terms of number 
frequency, )( in df ,  given by  

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Or volume frequency )( iv df : 
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In the present work the second definition of frequency has been employed since 
it is the most convenient and widely used in the industrial applications. 
The DSD can also be described by a cumulative curve. The cumulative volume 
frequency )( kv dF is defined by 
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where kd  is the size of drops in the k
th size class. 
Cumulative drop size distributions can be plotted conveniently on linear or log 
probability curve. Accordingly to Simmons et al. (2001) to model the drop size 
distribution an upper-limit log-normal function can be used. 
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Where the cumulative volume fraction of particles smaller than size d is )( iv df , 
and 
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. The characterizing parameters are a  and  , which can be 
derived from the experimental data. 
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A theoretical model for the determination of maxd  has been made by 
considering the emulsification of a dispersed phase in a turbulent flow field. 
Most of the formulas for maximum drop size are based on the model of Hinze 
(1955). 
4.0
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max 55.0 
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
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                          (2-27) 
Where cu  is the velocity of the continuous phase, c  is the density of the 
continuous phase,   is the interfacial tension, D is the pipe of the diameter and 
 is the turbulent dissipation rate. 
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Chapter 3 
 
Materials and Methods 
3.1 Introduction 
In this thesis different data about static mixers performance are collected and 
analysed and various experimental techniques have been used. In this chapter 
the main equipment and procedure adopted during the experimentations are 
listed and explained. The analyzed system is a rig of static mixer that has been 
tested with pressure transmitter to evaluate the energy consumption and using 
the PLIF technique for the evaluation of performance in dispersing an O/W 
emulsion. 
3.2 Static Mixer rig 
 
(a) 
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(b) 
 
Figure 3.1 Schematics of the static mixer rig. (a) overall scheme¸(b) dimensions of static 
mixer test section  
 
 
Figure 3.1(a) shows an overall scheme of the experimental rig which consists of 
a primary flow delivered by a Siemens gear pump controlled using a motor 
drive (Excal Meliamex Ltd.) and monitored using an electromagnetic flow 
meter (AC 690+ Integrator). The secondary flow is introduced using a syringe 
pump (Harvard PHD 2000). This pump drives the secondary flow in the mean 
flow through a needle having an external diameter Needle= 1.2 mm. After the 
junction of the two fluids, the mixture crosses the static mixer and is invested 
by a laser sheet before flowing out.  
The main flow is water doped with a fluorescent dye and the secondary flow is 
Lytol oil with the addition of a surfactant. Both fluids are discussed in details in 
the paragraph 3.3.1. In Figure 3.1(b) the dimension of a general static mixer 
device is shown. At the extremities of each device two pressure sensors are 
attached. 
Since different static mixers and different number of elements are used, in the 
Figure 3.1(b) the length of the static mixer elements set is not specified. In the 
following Table 3.1 the length in each case is reported. 
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Table 3.1 Static mixer length and pipe length in the different cases 
 
Set of static 
mixer 
SMX+ 12 el. SMX+ 6 el. KM 12 el. KM 6 el. Empty pipe 
Lsm (m) 0.190 0.095 0.270 0.135 0.430 
 
In the whole work the used pipe was made of glass and the only diameter of 
pipe used is  ½” = 0.0127 m. This value is also the distance between the needle 
and the first mixing element. The location of the needle (centred relative to the 
pipe section) has been chosen to facilitate the inlet of the oil drop on the first 
element. The initial diameter of the drops has been monitored using the High 
speed camera. Findings are discussed in the paragraph 3.5.1. 
An Extech Manometer, equipped with piezoelectric sensors, has been used to 
collect the pressure data with a sample rate of 0.8 seconds. The operating range 
of the pressure transmitter was ± 2000 mbar. At the end of the rig a glass pipe 
cut by a laser sheet, is positioned. A camera, synchronized with the pulsating 
laser, takes picture of the pipe section. The whole PLIF equipment is explained 
in details in the paragraph 3.5.2. 
A relief valve with a maximum pressure of 3 bar is also used for safety reasons. 
3.3 Physical properties measurement 
As specified above, the pressure drops and the drop size distributions are 
investigated. For the accuracy of the results and the subsequent analysis it is 
essential collecting some important data on the properties of the involved 
fluids. In particular, the rheological properties of the fluids involved in the 
pressure drop calculation (water and water-glycerol solutions) and the 
interfacial tension between the two phases of the O/W emulsion have been 
collected with the procedures illustrated in the following subparagraphs. 
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3.3.1 Fluid properties 
The crucial first parameter to evaluate the efficiency of a static mixer is the 
energy dissipation that occurs while the fluid flows through the equipment. 
Turbulent, laminar and transition regimes are investigated using different 
fluids. The three different regimes are considered to evaluate the energy loss in 
a wide range of situations and to compare the results with the relations 
available in the literature. Three solutions are employed in this first 
experimentation part and their properties at 23°C are shown in the table below. 
In the table it is assigned a short name to each substance for simplicity. 
Table 3.2 Properties of Water and Glycerol solutions at 23 °C 
 
 
 
Density 
(kg/m3) 
Viscosity 
(Pa s) 
Regime Abb. 
Water 997.8 0.001 Turbulent W 
Glycerol (aq. solution 80% v/v) 1206 0.048 Laminar G80 
Glycerol (aq. solution 50% v/v) 1146 0.008 Transient G50 
 
In the PLIF experimentations two different mixtures are used as primary and 
secondary flow. The primary flow is a solution of water to which a dye is 
added, in order to give the necessary fluorescence property to the fluid, 
essential to the success of the PLIF measurements. Rhodamine 6g has been used 
as dye with a concentration of 5∙10-4 g/L. The dye gives to the solution a slightly 
magenta colour and, as mentioned, fluorescence properties but does not affect 
the rheological behaviour of water. For this reason, in the whole dissertation the 
density and viscosity of water are taken considering the fluid as water at 23°C 
reported in Table 3.3.  
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The secondary flow is made by Lytol oil added with a non-ionic surfactant 
Span80 (0.5% w/w) in order to increase the interfacial tension and to facilitate 
the drops formation. The presence of the surfactant enhances the interfacial 
tension giving to the droplet surface more stability. In Figure 3.2 the oil feed is 
displayed while flowing out of the needle. It is evident that in the case (a) the 
droplets formation is guaranteed in contrast to the case (b) in which the 
turbulent main flow disturbs the oil inlet impeding the droplets formation. 
 
 
(a) 
 
(b) 
 
Figure 3.2 Secondary flow inlet (a) with surfactant addiction and (b) without 
surfactant addiction. 
 
In every test the volumetric flow of the oil is maintained constant, because is 
not amongst the investigated variables. Several flow rates have been tested to 
find the optimal flow rate that it has been individuated to be 0.5 ml/min. This 
value is enough high to enable the drop formation in the whole range of the 
investigated main flow rate, but at the same time it keeps the frequency of drop 
formation considerably low allowing us to ignore the coalescence phenomenon. 
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In the following figure, some examples of the high speed camera captures at 
different oil flow rate. 
 
 
(a) 
 
 
(b) 
 
(c) 
 
Figure 3.3 High Speed Camera images of the oil fed into the system for 
different flow rate: 5 ml/min (a), 0.5 ml/min (b) and 0.1 ml/min (c). 
 
The first image, Figure 3.3 (a), has an high drops formation frequency that can 
also affect the PLIF measurement, in fact as discussed in the image processing 
an high density of drops in the system can bring to inaccurate results. In the 
third image (c), on the other hand, the oil flow rate is too low, and for high 
superficial velocity of the main flow the drops formation is not predictable; the 
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primary flow snatches little droplets randomly. The second image, Figure 3.3 
(b) represents the chosen flow rate. 
Another substance has been added in trace to Lytol oil to give to it the black 
colour that it allows to distinguish the two phases in the pictures above. This 
substance is Nigrosin powder, a mixture of black dyes. 
A summary of the main properties of the involved fluids is reported in the 
following table. 
Table 3.3 Properties of Water and Lytol oil 
 
 Phase Density 
(kg/m3) 
Viscosity (Pa s) Interface 
tension ( N/m) 
Water Continuous 997.8 0.001 
0.02267 
Lytol oil Dispersed 800 0.0032 
 
3.3.2 Interfacial tension 
The interfacial tension between the two phases has been evaluated by using 
KRÜSS  Force Tensiometer K100.  
 
Figure 3.4 KRÜSS Tensiometer K100 
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The instrument evaluates the interfacial tension between the two phases by 
using a Platinum plate. This method is known as the Wilhelmy Plate 
tensiometer and it is widely acknowledged as one of the most accurate method 
for measuring the interfacial tension. 
Four different measurements have been taken; they are reported in Table 3.4: 
Table 3.4 Interfacial tension measurements 
 
Measurement Interfacial tension [mN/m] 
1 22.44 
2 22.74 
3 22.72 
4 22.76 
Average value 22.67 
 
The last value is the one used in the subsequent work. 
3.3.3 Rheology 
For the consideration about the pressure drops data, rheological measurements 
were necessary. Since the viscosity of water is a well-known data, only the 
viscosities of the two aqueous solutions of glycerol are evaluated by using TA 
AR 1000 rheometer. The Newtonian behaviour of the fluids involved in the 
experiments allows the use of a single coefficient characterizing the viscosity. 
The rheometer consists of 4 main parts: the rheometer head, draw rod, 
geometry and sample platform. The rheometer head is the motorized part 
where the drag-cup motor is located. In addition, an air bearing allows virtually 
friction free application of torque. 
The values of the viscosity are shown in Table 3.2. 
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3.4 Pressure drop measurement 
For the current work, the widest used static mixer in industrial application, 
have been investigated and evaluated. The scope of the research, in fact, is to 
enhance the knowledge about the mechanism inside the devices and to provide 
useful information about static mixer performance for industrial purposes. The 
models that have been under study are: 
 Kenics® KM (Chemineer™); 
 Sulzer™ SMX+. 
 
   
(a) 
   
(b) 
 
Figure 3.5 A single mixing element of SMX + (a), and of KM (b) 
 
The effect of varying the number of elements is evaluated. Each experiment has 
been done for the two different static mixers using 6 and 12 elements and for 
the empty pipe, taken as reference. 
For moving the fluids in the pressure drop measurement another pump 
(respect to PLIF experiments) has been used: Varmeca gear pump (Leroy® 
Somer). Before starting the collection of the pressure drop data, a manual 
calibration of the pump was necessary to assess. The calibration was necessary 
for knowing the flow rate associated with the position of the control knob of the 
pump. In fact for each configuration the pump had to overcome a different 
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prevalence and consequently the fed flow rate changed case by case. The 
calibration curves are shown in the Figure 3.6. 
 
(a) 
 
 
(b) 
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(c) 
 
Figure 3.6 Calibration curve (c.c) and experimental points (e.p.) for W, G80 and G50 
flowing across: the empty pipe (a), SMX+ 12 elements (b) and KM 12 
elements (c). 
 
It has been noticed that, for different configurations the pressure drop 
downstream changes and this makes the flow rate change as well. Hence, it was 
fundamental drawing a calibration curve for each fluid and set of static mixer. 
The pressure drops are collected for a single phase flow because it has been 
noticed that the presence of the second phase does not have significant effects 
on the measurements.  
3.5 Flow visualization 
3.5.1 High Speed Imaging 
For this work a Photron FASTCAM SA3 has been used. This camera has a 
CMOS sensor which provides mega pixel resolution (1K by 1K pixels) up to 
2000 frames per second (fps). The sensor provides 12-bit dynamic range from its 
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large seventeen micron square pixels which allows an excellent resolution 
shout. A two microsecond global electronic shutter ensures a blur free 
regardless of speed. 
To generate the emulsion, a Syringe pump has been used to inject oil drops in 
the water primary flow through a needle. The FASTCAM SA3 has been used to 
evaluate the initial diameter of the drops out from the needle and to set the 
operating flow rate of the secondary flow (Figure3.7). For every configuration 
four drops have been analyzed and measured; the resulting initial diameter 
shown in the following figure has been calculated as an average of the analyzed 
droplets. 
 
 
Figure 3.7 Initial droplet diameter trend raising the superficial velocity of the main 
flow 
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pulsing at 7 Hz, synchronized to a single TSI Powerview 4MP (2048 x 2048 
pixels) 12 bit CCD camera using a synchronizer (TSI 610035) attached to a 
personal computer. The PIV system was controlled using TSI Insight 4G 
software. The camera was equipped with a 545 nm cut-off filter to eliminate 
reflected laser light so that only the fluorescent light emitted by the Rhodamine 
6G dye (lambda=560, yellow) excited in the measurement plane was captured 
on the image. The spatial resolution of the measurement was 10 μm∙pixel-1. In 
correspondence of the incidence plane of the laser sheet, the glass pipe was 
surrounded by a glass cubic box filled of distilled water. The role of the box was 
to offer to the laser sheet a perpendicular plane to hit, reducing the aberrant 
effect of the curve surface of the pipe. 
A tee piece has been placed at the end of the mixer section. This particular item 
had a glass window inserted on the corner of the tee, normal to the axis of the 
main pipe, in order to enable flow measurements using PLIF, that requires 
optically transparent materials. The design is illustrated in Figure 3.8. 
 
Figure 3.8  Design of the terminal part of the rig 
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Chapter 4 
 
Results 
4.1 Introduction 
As previously described, the experimental chapters are divided essentially in 
three parts. In the first part pressure drops data are collected for the different 
setting of static mixers (presented in paragraph 4.2); in the second part, 
discussed in section 4.3, the drop size distribution has been characterized using 
the PLIF technique and the consequent image processing. The last one consists 
in connecting the pressure drop data with the drop size distribution in order to 
find out a correlation between the two. 
The objective of this work is finding a connection between these two important 
parameters in order to facilitate the prediction of the mixing performance of 
static mixer and the reaching of the set point in terms of drop size. A model is 
proposed and discussed in the last section of this chapter, 4.4. 
4.2 Energy consumption 
The evaluation of the energy consumption in the static mixer rig has required 
the collection of pressure drop data for different sets of static mixer. First of all, 
to verify the accuracy of the instruments, the pressure drops for an empty pipe 
have been collected and compared with the well-known theoretical model, 
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(Equation 2-15). As specified in Chapter 3, the laminar, turbulent and transient 
regimes have been investigated employing different fluids. 
4.2.1 Pressure drop for empty pipe 
In the Figure 4.1 three plots are reported in which experimental and theoretical 
pressure drop are compared in the different regimes. The theoretical pressure 
drops are calculated from the Equation 2-15 valid for the smooth empty pipe. 
 
 
 
(a) 
 
 
1 1.5 2 2.5 3 3.5 4
x 10
4
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
 Re 
P
re
s
s
u
re
 d
ro
p
 [
P
a
/m
]
 
 
experimental
theoretical
Chapter 4. Results  
 
44 
 
 
(b) 
 
 
(c) 
Figure 4.1 Pressure drop per unit length in empty pipe: (a) turbulent regime (W), (b) 
transition regime (G50) and (c) laminar regime (G80) 
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In Figure 4.1 the pressure drops per unit length are shown and it is easy to see 
that in the cases (a) and (b) in particular the experimental data are faithful to the 
expectation, while in the case (c) there is a slight underestimation in the range 
of Re = 400-460. From this comparison, the data collected can be considered 
reliable and can be used as reference for the static mixer pressure drop 
evaluation. 
4.2.2 Pressure drop for Static Mixer 
In evaluating the pressure drop of static mixer, the inlet Reynolds is considered 
using the inlet velocity and the diameter of the empty pipe. Since the pressure 
drop per unit  length have been plotted in Figure 4.2, the expectation is to 
obtain similar pressure drop for 6 and 12 elements of each static mixer model. 
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(b) 
 
(c) 
 
Figure 4.2 Pressure drop per unit length for the different settings of static mixers: 
(a)Turbulent case; (b) Laminar; (c) Transition. 
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In the three cases the empty tube pressure drops are always smaller than the 
ones in static mixers. The expectations have been met mostly in the turbulent 
case, while in the laminar case, in particular, there is an aberration between the 
values for 6 and 12 elements. This fact depends on the first element pressure 
drop. In fact, the first element is the one that gives the biggest energy loss 
because it is the one appointed to break the input flow, giving to it radial and 
tangential components of the velocity. Considering that, it is obvious that 
distributing this first big energy loss among 6 elements causes higher pressure 
drop than distributing it among 12 elements. This phenomenon is called 
entrance effect (Theron and Le Sauze 2011). 
In the literature, the used model for the pressure drop is described by the 
equation 2-14, that basically uses as reference the pressure drop for an empty 
tube. In the following plots (Figure 4.3) the comparisons between the expected 
pressure drop and the experimental data are reported for turbulent and laminar 
regime and for both the static mixer models. 
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(d) 
 
Figure 4.3 Theoretical and experimental pressure drop per unit length for the turbulent 
case: SMX+ (a), KM (b); and for the laminar case: SMX+ (c), 
 KM (d). 
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comparisons; even if the producing company states that the SMX+ model has 
50% lower pressure drop than the classic SMX. 
4.2.3 Evaluation of KL and KT 
Pressure drop for empty pipe and static mixer have been collected, therefore it 
is possible to result from them the experimental KL and KT. To achieve this 
intent, in Figure 4.4 the empty pipe pressure drop are plotted on the horizontal 
axis versus the pressure drop for static mixer. Referring again to Equation 2-14, 
the angular coefficient of the straight line results to be the value of K. Three 
cases are plotted: turbulent, laminar and transient. 
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(b) 
 
 
 
(c) 
Figure 4.4 Evaluation of K in the three cases: turbulent (a), laminar (b)  and transient (c) 
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In the plots in Figure 4.4, to combine the empty pipe pressure drop with the 
static mixer ones a mathematical  extrapolation has been done. As specified in 
the Chapter 2 the fed volumetric flow changes when we pass from the empty 
pipe rig to the static mixer rig, hence the data have been realigned on the basis 
of Reynolds number.  
Figure 4.4 highlights that the linear correlation predicted by Streiff is a valid 
model: the coefficient of proportionality between empty pipe and static mixer 
pressure drop does not change raising the velocity or the pressure drop itself. 
The calculation of K is immediate in the turbulent, laminar and transient cases. 
The found and the literature values are shown in the following Table 4.1. 
Table 4.1 Experimental and theoretical (Streiff, 1997)  K  values for the different 
regimes 
 
Regime  Kenics KM Sulzer SMX+ 
Turbulent KT 
Theoretical 150 500(*) 
Experimental 37.8 - 45.32 66.7 – 69.6 
Laminar KL 
Theoretical 6.9 37.5(*) 
Experimental 16 – 25.5 28 – 37.8 
K for  
2100 < Re < 4000 
Theoretical - - 
Experimental 28.7 - 38.7 47.1 - 62 
(*) values for SMX, (there are not available values for SMX+) 
 
In Table 4.1 there are two experimental values, the first comes out from the 
calculation on the 12 elements and the second is obtained from the 6 elements 
data. As explained before the values for 6 elements are higher. 
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The experimental K fits with the literatures derived constants only in the 
laminar case, while in the turbulent case the overestimation is clearly excessive, 
accordingly also with the Figure 4.3 (a, b). The values of K for intermediate 
Reynolds are between the turbulent and laminar ones as expected. 
Thakur (Thakur, Vial et al. 2003) reports an overview of the known pressure 
drop constants in laminar and turbulent cases. Values are widely available for 
the open, helical inserts Kenics in the laminar regime (Alloca 1982, Pahl and 
Muschelknautz 1982, Cybulski and Werner 1986, Joshi, Nigam et al. 1995) and 
KL ranges from 5 to 8. They are not too far with respect to the experimental 
value, but most of them have been found out using numerical simulations as 
Streiff (1997) did. The multilayered SMX design from Koch-Sulzer has been also 
the subject of literature studies, but reported KL values are not accurate enough 
for proper estimation: Pahl and Muschelknautz (1982) reported KL values 
between 10 and 60, while Cybulski and Werner (1986) reported values from 10 
to 100. The accuracy of the pressure drop parameters K becomes also lower if 
we move towards a turbulent regime. In this case the CFD simulations are not 
reliable because of the intrinsic difficulties of representation of the turbulent 
regime and nevertheless the present values have not been validated and 
supported by experimental values. There is a substantial lack of experimental 
data in the literature, that cannot provide us a solid term of comparison. 
Despite this, the linearity of the last plot and the magnitudes involved allow us 
to consider reasonable the resulting parameters.  
To conclude, in this first experimentation part an energy analysis of the static 
mixers KMS and SMX+ have been done in order to characterize the 
performance in terms of pressure drop. Furthermore the energy feed into the 
system is now known and this information is important in the further analysis. 
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4.3 Drop size characterization 
The multitude of images captured during the PLIF experiments are processed 
in order to obtain information about the drop size distribution. For each 
experiment set, 500 pictures have been taken by the camera and saved in the 
database. The program MATLAB (Mathworks®) potentiated by DIPimage have 
been used. DIPimage is a MATLAB toolbox for scientific image processing and 
analysis. In the next subparagraphs the image processing, derived by the 
previous work of Alberini (Alberini, Simmons et al. 2014), is explained and the 
results are analysed in detail. 
4.3.1 Image processing 
As mentioned in the introduction, the images have been processed with the aid 
of a computer. A series of codes have been created to obtain the data relating to 
the droplets dimension. Part of these codes have been attached in the Appendix 
of this thesis. 
The pictures present themselves as circular shots of the section of the pipe, in 
which much of the space is occupied by the fluorescent mixture and has a light 
grey colour. The other part is occupied by darker spots that represent the 
dispersed oil droplets. In the Figure 4.5 a typical raw image taken by the camera 
is shown. 
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Figure 4.5 A raw image resulted from PLIF experiments 
 
It is evident the presence of an heavy background shading in this image. Trying 
to process it directly the results are unsatisfactory. Hence, it needs a 
background correction. It consists of a filtering that removes the background 
noise while keeping constant the dimension of the droplets. The filter used in 
all the cases is called “Smooth filter”, chosen because it gave the best results in 
terms of noise abatement. The tuning of the filter is made manually for every 
run. After this filtering process, the image obtained is shown in the Figure 4.6. 
 
 
Figure 4.6 A PLIF image after the background correction 
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Once the image is clearer, the following step is dividing it in two different parts: 
the black pixels that are the object of interest and the white ones representing 
the main flow that will be discarded. This step is called segmentation and 
involves the evaluation of the grey scale. 
Noting that the images are 12 bit images, hence the grey values are 4096, an 
analysis based on the grey scale has been done. This analysis consists of 
evaluating the number of pixels that have the same grey value for each value of 
the grey scale. The Figure 4.7 is an histograms plot in which the two peaks 
represent the objects and the background (it is shown only the interesting part 
of the chart). 
 
 
Figure 4.7 Example of greyscale histograms for the threshold evaluation 
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correspond to the water flow. After the choice of this parameter, all the pixels 
with a lower grey value will be considered as part of the oil phase, while the 
lighter will be considered as part of the water phase. 
In general, for all the images, the threshold has been found to be close to a value 
of 100. The segmentation result is a binary image (logical image, containing 
values of  “true" and “false", coded as 1 and 0), with ones at the pixels that 
belong to the oil phase. This image is displayed in red and black to emphasize 
that it is a binary image rather than a grey-value image with only two different 
grey values (Figure 4.8). 
 
 
Figure 4.8 Binary image after the segmentation 
 
 
In this transition, the drops in contact with the wall are discarded, because they 
could affect the final measurement seen the difficulty to distinguish their border 
that confuses with the wall.  In the reported example it is possible to notice that 
in the Figure 4.6 the drop on the top-right corner is absent in the Figure 4.8. 
The final step, before the actual measurements, it is labelling the drops. Each 
drop is recognized and named one by one. The labelled final image is displayed 
in the Figure 4.9. 
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Figure 4.9 Labelled image 
 
Once the drops are selected, the system calculates for each one the main 
dimensions: perimeter, area and diameter. In this work the last parameter has 
been taken in consideration.  
The high number of images and droplets posed the problem of saving the data: 
saving every diameter one by one would have required a great deal of memory. 
This problem has been solved dividing the range of possible dimensions (10 μm 
– 3 mm) in a number (26 in the present case) of discrete intervals. Thus, the 
result of the analysis was a matrix that counted how many drops diameter were 
included in each interval. 
In the Figure 4.10 a recapitulation of the processing steps. 
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Figure 4.10 Summary of the Image processing 
 
This analysis was repeated for 500 images for 7-10 different velocity and 5 
configurations (6-12 SMX+ and KM and the empty pipe). A fast calculation 
states that 20000-25000 images are processed in total. In the Figure 4.11 images 
for different runs are shown. 
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 V =  0.4 m/s V= 0.54 m/s V = 0.68 m/s 
12 SMX 
   
12 KM 
   
6 SMX 
   
6 KM 
   
 
Figure 4.11 Filtered images for different runs 
 
The processing phase has been conducted trying to find the best parameter for 
each run, but the quality of the final image has been found to be directly 
connected to the experimental shot. It is fundamental to make the focus plan of 
the camera coincide with the incidence plan of the laser sheet. This shrewdness 
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guarantees the quality of the images. A limit of the method is due to the 
shadows caused by the first drops hit by the laser sheet. Since the laser ray 
comes from the left side of the images, it is possible to notice in some pictures in 
the figure above, that some images have grey zones on the right part of the 
section. This problem has been overcome in this case thanks to the histograms 
greyscale tools, but it could be difficult to avoid it if the dispersed volume 
fraction is raised and the density of the droplets increase. 
In the present case the reliability of the results has been verified as explained in 
the next paragraph. 
4.3.2  Drop Size Distribution (DSD) 
The matrixes resulting from the image processing have been processed 
accordingly to Equation 2-21 to obtain the DSD in terms of volume frequency. A 
typical plot is displayed in Figure 4.12. 
 
 
Figure 4.12 DSD for Sulzer SMX+ 12 elements and superficial velocity of 0.23 m/s 
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To evaluate the repeatability and the consistence of the method, in the next 
Figure 4.13 a series of DSD plots are displayed. These plots represent the DSD, 
changing the number of images processed: 100, 200, 300 and 500. Different 
velocities and configurations have been taken as examples, but it has been 
noticed that the same behaviour results for every run. 
 
 
(a) 
 
 
(b) 
 
10
-2
10
-1
10
0
0
0.05
0.1
0.15
0.2
0.25
Droplet diameter [mm]
%
 V
 
 
500 images
300 images
200 images
100 images
10
-2
10
-1
10
0
0
0.05
0.1
0.15
0.2
0.25
Droplet diameter [mm]
%
 V
 
 
500 images
300 images
200 images
100 images
Chapter 4. Results  
 
63 
 
 
 
(c) 
 
 
 
(d) 
 
Figure 4.13 Drop Size Distribution changing the number of processed images for 
different static mixers and velocities: (a) SMX+ 12 el. v=0.46 m/s; (b) 
KM 12 el. v= 0.54 m/s; (c) SMX+ 6 el. v= 0.4 m/s; (d)  KM 6 el. v=0.62 
m/s 
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the threshold has been reached already with 200 images. However in the 
following analysis all the images have been processed to have a greater 
statistical relevance. 
The abundance of data available allows us to compare the performance of the 
static mixer. The literature (Paul 2003) states that in dispersing immiscible 
liquids the SMX+ has better performance than the KM model. In the next plot 
(Figure 4.14) the DSD for the four analysed rigs are compared while keeping 
constant the velocity. 
 
 
Figure 4.14 Drop size distribution for different sets of Static Mixer for v= 0.46 m/s 
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Figure 4.15) the same latter DSD adding the distribution that correspond to the 
empty pipe without any mixing device within it. (NOTE: it has been necessary 
to change the axis scale to show the empty pipe DSD). 
 
 
Figure 4.15 Drop size distribution for different sets of Static Mixer and Empty pipe for 
v= 0.46 m/s 
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Figure 4.16 Drop size distribution for different superficial velocities using 12 SMX+ 
elements. 
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(a) 
 
 
(b) 
Figure 4.17 Cumulative volume fraction, comparison between the model and the 
experimental data, for SMX+ 12 el. and v = 0.23 m/s (a) and 6 KM 6 el. and  
v = 0.46 m/s 
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The literature model manages to represent the cumulative volume fraction with 
a good grade of approximation especially at low velocities, while loses 
precision at velocities next to 1 m/s. The visible error between the experimental 
data and the model can be due also to the image processing structure, that does 
not save each single diameter, but it categorizes the values in discrete intervals 
(as explained above). For completeness, in Table 4.2 the characteristic diameter 
necessary for building the curves (in Figure 4.17) are reported. 
Table 4.2 Characteristic diameters for calculating the upper limit log-
normal distribution curves in Figure 4.16 
Case 
10d  (mm) 50d (mm) 90d (mm) 
(a) 0.126 0.225 0.437 
(b) 0.130 0.212 0.324 
 
The DSD is often summarized by a single parameter, the Sauter mean diameter 
(Eq. 2-18). The 32d  for the different sets and velocity is plotted in the Figure 4.18. 
 
 
Figure 4.18 Sauter Mean diameter 32d  for different velocity and sets of static mixer 
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In this figure it is pointed out once more the better performance of the SMX+ 
respect to the KM. An unexpected behaviour is also distinguishable for velocity 
higher than 0.65 m/s. In fact, the Sauter diameter starts to increase despite of the 
theoretical predictions. This phenomenon is also appreciable in Figure 4.19 
where the maximum diameter is plotted versus the average energy dissipation 
rate in the turbulent flow, accordingly to Equation 2-11. This plot is drawn in 
logarithmic axis accordingly to literature references. 
The average dissipation rate has been calculated for each configuration as: 
smw L
Pv





4
     (4-1) 
 
 
Figure 4.19 Comparison between experimental and theoretical maximum droplets 
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This last plot is explanatory, the performance of static mixer in blending the two 
liquids are good and follow the theoretical expectation until a point. After this 
point, the raise of the turbulence into the systems causes a critical mechanism 
that affects the performance. The perfect fitting in the left part of the plot is 
significant but it is also evident the unexpected but gradual deviation of the 
experimental maximum diameter in the right part of the plot. This phenomenon 
is resumed and deeper investigated thereafter. 
The 32d  can be also plotted with the initial diameter to appreciate the decrease 
of the droplets size compared to the initial dimension. The latter foresight is 
necessary since the initial droplet diameter changes as a function of the main 
flow velocity, as shown in the Figure 3.7. 
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(b) 
Figure 4.20 Comparison of 32d  and initial diameter at different velocities for SMX+ (a) 
and KM (b) 
 
The data have been normalized dividing by the maximum initial diameter for a 
more significant representation. The decrease of the initial diameter is 
appreciable and it is due to the increasing of the turbulence in the main flow. 
Despite this, the resulting 32d  seems to not be influenced by this parameter. It is 
natural to notice that the 12 elements points are always below the 6 elements 
ones. Of course, they have more mixing elements and the breakup is more 
efficient even if, to double the elements does not bring even remotely to double 
the performance. 
4.3.3 Instability detection 
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
 32
2 dv
We oil

        (4-2) 

 v
Ca oil

             (4-3) 
They are usually plotted together in graphs like in Figure 4.21 (Saylor 2012). 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.21 Capillary vs. Weber number for SMX+ 12 el. (a), KM 12 el. (b), SMX+ 6 el.  
                   (c) and KM 6 el. 
 
The plots in this case are not helpful in detecting the instability mentioned 
above. It is only visible that increasing the Weber number also the Capillary 
number increases that it was well-known before considering that those two 
parameters contains the velocity that is the only variable changing. 
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Before going deeply into the discussion about the noticed instability for high 
primary flow rates it is useful briefly analyzing the following Figure 4.22. It 
compares the DSD at different velocities of the primary flow, for the various 
settings. 
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(c) 
 
 
(d) 
 
Figure 4.22 DSD comparison at low and high velocities for SMX+ 12 el. (a), KM 12 el. 
(b), SMX+ 6 el. (c) and KM 6 el. 
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The affection of the performance is clearly visible in the four charts. As 
explained in the beginning of the paragraph the expectation was to see the DSD 
moving towards the left (smaller size) raising the velocity. This happens for 
certain range of velocities as shown in the Figure 4.15, but after a critical value 
the above mentioned instability reveals. As a consequence, the DSD shape 
changes from a Gaussian to a bimodal curve. This curve has two different 
peaks: one positioned in correspondence of the expected equilibrium value and 
one in the right part of the chart. The first peak is the one that in 
thermodynamic equilibrium condition should be achieved, in fact as suggested 
by the Equation 2-12 and 2-13 the increase of turbulence brings to smaller drop 
size. But it has been noticed that the instability is too high and a certain number 
of the drops does not break up properly, not reaching the equilibrium condition 
and creating the second peak. This one is the unforeseen one and it is 
positioned between the initial droplet size and the equilibrium peak. The 
velocity raise makes the latter peak appears and the higher is the velocity, the 
higher becomes the peak, while the one on the left gradually becomes flat 
(Figure 4.23). 
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Figure 4.23 DSD for 12 SMX+: peaks modifications caused by the velocity raise 
 
This behaviour has not been reported in the literature before and it has been 
possible to detect thanks to the applied online in situ measurement.  
Seen the process gradual revealing, it can be hypothesised that the velocity raise 
causes a critical event within the system.  
Two different motivations can be proposed for explaining the observed 
phenomenon:  
1- The increase of the velocity causes consequently a diminution of the 
average resident time of the drops in passing across the mixing 
equipment. The resident time is not the same for every drop because 
each drop follows a different trajectory so it is more appropriate 
speaking about a resident time distribution. This distribution is sensitive 
to change of velocities: when the flow is slow a large number of drops 
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has a sufficient resident time to reach the equilibrium; but increasing the 
turbulence the resident time distribution moves towards smaller values 
and an increasing number of drops has not enough time to achieve the 
thermodynamic stability.  
2- Some droplets bypass the static mixers elements avoiding the mechanical 
impact on the metal of the static mixers. The drop size corresponding to 
the instability peak are agreeable with the interstices dimensions of the 
SMX+ for example and the density ratio between the dispersed and the 
continuous phase (oil is less dense than water) can justify a less inertia 
attributable to oil that can slip away avoiding the metal. On the other 
hand is well-known that the break-up mechanism is caused mostly by 
the turbulence created by the mixing elements and not by the impacts on 
them.  
Supporting the two possible qualitative explanation, Figure 4.24 shows the 
empty pipe DSD at high velocity compared with the instable DSD of static 
mixers, at the same velocity, proposed above. It is interesting to notice that 
there is a correspondence between the instable peak and the empty pipe 
Gaussian curve peak. It could be said that for that group of drops the static 
mixer presence has no effects. 
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(a) 
 
(b) 
 
Figure 4.24 Comparison between Static Mixer and Empty Pipe DSD for:  
SMX+ at v=0.68 m/s (a), KM at v=0.75 m/s (b) 
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For a better understanding of the phenomena involved in this mechanism, a 
computational fluid dynamic (CFD) simulation occurs, as well as further 
experimentations even inverting the dispersed with the continuous phase. 
In the next paragraph a study based on the energy input into the system has 
been developed. The DSD is related to the pumping power input in order to 
find the optimum and avoiding wastes of energy. In fact, raising the turbulence 
above a critical point has been noticed to do not improve the mixing 
performance. This represents clearly a waste of energy and, consequently, an 
increase in costs of the mixing process. 
4.4 Energy model 
Facing the problem from an energy point of view requires the recall of the 
surface energy for a single drop described by Equation 2-13. This energy can be 
seen as a potential energy enclosed on the surface of the drop: the bigger is the 
droplet, the higher is the surface energy. Basically it means that a droplet with a 
big diameter has more energy available for the breakup mechanism, hence it is 
easier to break a drop with a diameter of 2 mm than a drop with a diameter of 2 
μm. 
With this assumption, we can look at the mixing equipment with a black box 
approach, considering the inlet drop and the outlet daughter drops. The initial 
inlet droplet has a known diameter thanks to the High Speed Camera 
detections shown in Figure 3.7. Consequently it has a certain initial surface 
energy. For calculating the outlet drops surface energy one needs to involve the 
volume fraction )( iv df : 
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  


1
supsup
)()(
i
n
ivi
outlet
dfdEE    (4-1) 
where )( iv df  and )(sup idE  are, respectively, the volume fraction and the 
surface energy corresponding to the diameter id  after the mixing process. In 
Figure 4.25 a scheme of the black box approach is reported, in terms of mass 
and energy. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
Figure 4.25 Scheme of the balance of mass (a) and energy (b) 
 
 
In the latter Figure 4.25 (b), apart from the above mentioned surface energy, 
there is another term, an external energy extE  that corresponds to the energy 
used by the pump and lost within the system. This pumping energy per unit of 
mass is calculated as follows: 

sm
ext
P
E

                                              (4-2) 
Mixing elements 
Mixing elements 
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Where smP  is the pressure drop within the static mixer and  the density of 
the main flow (water). 
As explained in the previous paragraphs, the objective of this work is to 
correlate the mixing performance with the energy expenditure. The goodness of 
mixing can be summarised by the Sauter diameter 32d , previously introduced. 
Figure 4.26 puts together this latter parameter with the external energy input 
per unit of mass. 
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(d) 
 
(e) 
 
Figure 4.26 32d  trend in relation with the energy input into the system for 12 el. SMX+ 
(a), 12 el. KM (b), 6 el. SMX+ (c), 6 el. KM (d) and empty pipe (e) 
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These curves trace the same trend observed in the Figure 4.17 where the 32d  
was plotted versus the velocity of the main flow. This is obvious, seen that the 
pressure drop and the superficial velocity are proportional with a factor of 1,75. 
It is important to underline that the 32d  is a parameter that does not give the 
right relevance to the bimodal distribution. In fact, the 32d  is a typical 
characterizing factor for describing Gaussian curves. Noting this, for a 
qualitative analysis these plots can anyway give an idea of the critical event that 
is happening inside the static mixer. 
Continuing in this qualitative discussion, even more important than the energy, 
in this case, is the power input. In fact, the time, in which the energy is 
dissipated, is a crucial factor, because it is directly related to the resident time 
that the fluids spend in crossing the elements. The power input per unit of mass 
has been widely used in the next charts and it is defined as: 
sm
sm
L
vP
P



      (4-3) 
Where, smP  is the pressure drop within the static mixer,  the density of the 
main flow (water), v  is the superficial velocity and smL  the characteristic 
length of the static mixers reported in Table 3.1. 
In Figure 4.27 the 32d vs. the power input into the system. 
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(e) 
 
Figure 4.27 32d  trend in relation with the Power input into the system for 12 el. SMX+ 
(a), 12 el. KM (b), 6 el. SMX+ (c), 6 el. KM (d) and empty pipe (e) 
 
Plotting 32d  as a function of the power input it results to have the same shape 
of the charts in Figure 4.26. These latter plots does not give a real and reliable 
32d , but they can be useful to individuate the breaking point meant as the 
critical point after which the behaviour of the system starts to deviate from the 
theoretical model. 
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understanding how much of this energy is dissipated and comparing the 
different configurations at the same superficial velocity. Seen that the velocity 
influences the initial drops dimension, keeping constant the velocity allows us 
to consider the initial condition equal for every setting. 
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Figure 4.28 Surface energy conversion as a function of the power input for the different static 
mixer at several superficial velocity: 0.4 m/s (a), 0.46 m/s (b), 0.62 m/s (c), 0.68 m/s 
(d), 0.75 (e), 0.82 m/s (f)  
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The range of power involved in the above plots changes and is not possible the 
use of the same axis without losing accuracy in resolution. The first three charts 
reproduce expected trends: the 12 elements static mixers result to have higher 
surface energy conversions than the correspondent 6 elements. At the velocity 
of 0.68 m/s, and for higher velocities, the energy conversion does not follow the 
theoretical behaviour anymore and it is impossible to find a predictive model. 
Figure 4.28 suggests that the critical velocity is between 0.62 and 0.68 m/s. 
The surface energy has been found to be a promising variable to investigate. 
Discussing about it, it is possible to state that, if the emulsification process is 
happening with high efficiency, the outlet surface energy of the daughters 
droplets should be low, almost negligible compared to the initial one 
(reminding that 
2
sup dE  ). For this analysis it is useful to introduce a 
parameter, a kind of yield for evaluating the mixing performance: 
           
            (4-3) 
 
The success of the mixing process is high when Y is close to 1. This parameter 
is defined for taking into account the variation of the initial surface energy 
inlet
surfE with the velocity. In fact, raising the velocity the initial droplet has a lower 
dimension and consequently a lower 
inlet
surfE ; it is important considering this 
effect to prevent the production of misleading data in output. Y is a significant 
parameter that can replace the use of 32d that as explained before loses 
meaning when the distribution becomes bimodal. Contrariwise Y takes into 
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account the distribution and gives meaningful information about droplets 
breakup. 
In Figure 4.29 Y is plotted versus the power input. In each plot a critical power 
is individuated by the dashed vertical line corresponding to Y = 0.95, an 
arbitrary value chosen for the comparisons because it corresponds in most of 
the cases to the critical point. Under this value the DSD deviates from the 
Gaussian curve. 
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(d) 
 
Figure 4.29 Yield trend as a function of the power input for: SMX+ 12 el. (a), KM 12 el. 
(b), SMX+ 6 el. (c), KM 6 el. (d) 
 
It is clearly visible in the latter Figure 4.29 that, in each chart, two different 
zones can be individuated. On the left, Y  is close to 1 and this means that the 
process is happening with high efficiency and the droplets are breaking down 
properly, reaching very small dimensions as predicted by the correlations in 
literature. Contrariwise, the right part of the charts shows a decrease of the 
yield that goes below 0.95 reaching in some cases values of 0.75. The number 
itself has no high relevance, but this trend, the same for each configuration can 
provide a useful information: the critical power.  
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process. In particular, it is possible to predict if the fluids can reasonably reach 
5 10 15 20 25 30
0.7
0.75
0.8
0.85
0.9
0.95
1
Power input [W/Kg]
Y
Chapter 4. Results  
 
93 
 
the equilibrium conditions within the equipment, hence if the final drop size 
distribution would be in line with the results suggested by the theoretical 
model. The equilibrium condition is intended as the condition in which the final 
DSD and 32d  follow the theoretical model. 
Using all the information obtained so far, and particularly the critical power 
observed in the last figure, a mapping of the process has been drawn. It is 
shown in the Figure 4.30 and it correlates the power input, the energy input that 
express the pumping expenditure and the Sauter mean diameter 32d and Y that 
evaluate the mixing process. 
 
 
Figure 4.30 Mapping of the mixing process for the different configurations of static 
mixer 
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In this chart, one wants to compare the performance of the static mixer with a 
particular focus on the energy and power consumption, that are key parameters 
in the mixing process, since they are directly connected to the operating costs. 
For each experimental point on the plot there are a correspondent 32d  and Y  
that have been previously determined. The power and the energy input are 
both calculated from the pressure drop data, they have been plotted together to 
give relevance also to the resident time. In fact, in the charts the average 
resident time is the derivative in each point: when the curves become flat the 
resident time becomes smaller, almost close to tend to zero. The objective of this 
plot is giving instructions about the number of elements and the power that are 
necessary for the success of the process. 
Knowing for each setting the critical power, a dashed line can be drawn on the 
plot for distinguish the equilibrium and the instability zones of work. In the 
Figure 4.31 these lines (in green) can be observed. For a better understanding of 
the utility of this mapping a couple of examples can be discussed.  
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Figure 4.31 Mapping of the mixing process for the different configurations of static 
mixer with critical power lines (Example 1) 
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point, (that is the intersection between the red horizontal line and the 
characteristic curve of the static mixer) is situated on the right respect of the 
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SMX+ and KM have the operating point on the left of the green critical power 
line. 
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Accordingly to the previous statements, this situation clearly suggests that the 
12 elements settings will reach the equilibrium condition and so they will 
ensure good performance, while in the 6 elements case the final DSD would be 
affected by the instability. The following Table 4.3 confirms this hypothesis.  
Table 4.3 Summary of 32d and Y for the different settings of Static mixer (Example 1) 
 
Configuration SMX+ 12 el. KM 12 el. SMX+ 6 el. KM 6 el. 
32d   [mm] 0.165 0.168 0.227 0.247 
Y  0.986 0.987 0.80 0.82 
 
Hence the data from Table 4.3 suggest the 12 elements as better operating 
choice. In the next Example 2 the red line is moved down in order to position 
the four operating points all on the right of the respective critical power line. 
Again, the objective is to understand which one is the best choice during the 
design phase. 
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Figure 4.32 Mapping of the mixing process for the different configurations of static 
mixer with critical power lines (Example 2) 
 
 
 
Since the operating point are in the equilibrium part of the chart (on the left), it 
is reasonable that this time the mixing performance would be high for every 
setting. 
Table 4.4 Summary of 32d and Y for different settings of Static mixer (Example 2) 
 
Configuration SMX+ 12 el. KM 12 el. SMX+ 6 el. KM 6 el. 
32d   [mm] 0.19 - 0.21 0.2 
Y  0.976 - 0.95 0.973 
 
Although the data are extrapolated from the 32d curve in Figure 4.27 and Y  
from Figure 4.29, it is clear that in the current example the drops sizes are 
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comparable and both 6 and 12 elements arrangements can be examined and 
employed in the mixing process (unfortunately we are out of range for the KM 
12 elements, but the closest points correspond for 32d  to a value of 0.188 mm 
and for Y  case to 0.98). 
In this case the difference in the design choice would be in the pumping power 
spent, in fact, for feeding the same energy per unit of mass in a 6 elements 
configuration it would need a higher main flow velocity and consequently a 
higher pumping cost than in the 12 elements configuration. On the other hand it 
would need a higher investment cost for providing the necessary static mixer 
elements to the process in the 12 elements setting.  
Imagining to extend this analysis, increasing the number of elements and 
models involved, this mapping of the process could be used as an help to the 
designer in projecting the continuous mixing process. The results of this work 
could be seen also from an energy saving point of view. In fact, it has been 
found that the increase of the turbulence and consequently the increase of the 
energy input into the system does not necessarily bring to better performance. 
On the contrary this can affect the performance and with higher operating costs; 
in this sense the process mapping can be a useful tool for finding the optimum 
condition of the process. 
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Chapter 5 
 
Conclusions 
 
In this work static mixer performance in mixing of immiscible fluids has been 
investigated. Several experimentations have been executed during this research 
work. Static mixers have been tested both in terms of energy and mixing 
performance in dispersing immiscible liquids.  
In the first experimental part, described in Paragraph 4.1, the collection of 
pressure drops data has allowed the extrapolation of characteristic parameters 
that describe the energy lost by the flow in crossing the mixing elements. The 
main findings are key parameters (KL and KT), determined for the investigated 
static mixer models (Kenics® KM Chemineer™ and Sulzer™ SMX plus); they have 
been compared with the values available in literature. These data have been 
also used for modelling the mixing performance of the examined devices.  
In Paragraph 4.2 the evaluation of the mixing performance has been discussed. 
The PLIF technique, developed as a visualization method, has provided 
information for characterizing the drop size distribution of the O/W emulsion 
employed. The number of elements and the superficial velocity have been 
investigated as variables, revealing an interesting instability above a critical 
velocity. In this range of velocities the time spent by the drops within the 
mixing equipment seems to do not be enough for completing the breakup 
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mechanism. It has been noticed that the static mixer is “bypassed” by a certain 
number of drops (a number that increases raising the velocity), hence they 
behave as if the pipe was empty, as shown in Figure 4.24. This observed 
instability affects the mixing performance and requires further investigation for 
a deeper and proper understanding.  
The obtained information has been used for the comparison of the different 
static mixer models in dispersing the emulsion. A model for predicting mixing 
performance has been proposed and found to be an useful tool for the choice of 
the necessary number of mixing elements and the optimization of the mixing 
costs in the design phase of the mixing process. 
5.1 Future work 
Further experimentations could enhance the consistence of the model and 
integrate it. It would be useful repeating the experiments raising the number of 
elements and the range of the viscosities involved. It would be even more 
interesting conduct a deeper investigation about the instability detected for 
high velocities, for enhancing the understanding in the breakup mechanism. 
For this intent a CFD simulation could give more information about the 
turbulent dissipation rate within the fluid in crossing the motionless mixer and 
clarify the dynamic interactions between the two phases. 
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Appendix A 
 
Image processing Matlab code    
% File name definition 
     
    f1='G:\giuseppe'; 
    f2='812 Water100 05oil 12 kenics\RawData';%name folder 
    f3='812 Water100 05oil 12 kenics';%name file 
     
%Matriz initialization 
 
    colonne = 500; 
    righe = 26; 
    Perim = zeros(righe,colonne); 
    Area = zeros(righe,colonne); 
    Diam= zeros(righe,colonne); 
     
%Maximum definition and creation of the ranges  
   
    maxp=1000; 
    maxa=50000; 
    espmaxd=3; 
    espmaxp=3.8; 
    espmaxa=5; 
  
    val = logspace(0,espmaxp,righe); 
    vala = logspace(1,espmaxa,righe); 
    vald = logspace(0,espmaxd,righe); 
         
% Centre for images 
 
        xc=1010; 
        yc=1012; 
        r=860; 
  
% Cycle for image uploading and processing    
  
    for k=1:500; 
        if k<10 
             
fname=[f1,'\',f2,'\',f3,'00000',num2str(k),'.T000.D000.P00
0.H000.LA.tif']  
        elseif k < 100 
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fname=[f1,'\',f2,'\',f3,'0000',num2str(k),'.T000.D000.P000
.H000.LA.tif']; 
          elseif k < 1000 
            
fname=[f1,'\',f2,'\',f3,'000',num2str(k),'.T000.D000.P000.
H000.LA.tif']; 
        else 
                
fname=[f1,'\',f2,'\',f3,'00',num2str(k),'.T000.D000.P000.H
000.LA.tif']; 
        end 
        k1=k; 
         
            A = imread(fname); 
            image = dip_image(A,'sfloat'); 
 
        %Filter and background removal 
 
            b = smooth(image,430,'ft'); 
            C = A-b; 
            C=double(C); 
            y=C; 
            Aa=y; 
            sizeA=size(A); 
 
        %Round cut 
            imgCutci = zeros(sizeA(1,1),sizeA(1,1)); 
            for i=1:sizeA(1,1); 
                for j= 1: sizeA(1,1); 
                    tmp = (i-xc)*(i-xc)+(j-yc)*(j-yc); 
                    if (tmp<=r*r) 
                        imgCutci(i,j)=Aa(i,j);            
                    else 
                        imgCutci(i,j)=0; 
                    end 
                end 
            end 
          
        image = dip_image(imgCutci,'sfloat'); 
 
        %Segmentation and labelling 
 
            b = image<80; 
            b = brmedgeobjs(b,2); 
            lab = label(b,2,15,50000); 
            if lab==0  
                 disp('no drop') 
            else 
 
        %Measurement and saving of the size  
     
                data = measure(lab,[],{'size','perimeter','feret'}); 
                perimeter = data.perimeter; 
                sz = data.size; 
                diam=data.feret(1,:); 
                elemperim = numel(perimeter); 
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                for i=1: elemperim 
                    for j=1:righe 
                        if perimeter(i) < val(j+1) 
                            Perim(j,k1)= Perim(j,k1)+1; 
                            break 
                        end 
                    end  
                    for j=1:righe 
                        if sz(i) < vala(j+1) 
                            Area(j,k1)= Area(j,k1)+1; 
                            break 
                        end 
                    end 
                    for j=1:righe 
                        if diam(i) < vald(j+1) 
                            Diam(j,k1)= Diam(j,k1)+1; 
                            break 
                        end 
                    end 
                end  
            end 
    end 
 
%Final saving of the resulting matrixes    
  
    f3A=['Area',f3]; 
    save(f3A,'Area')     
     
    f3P=['Perimeter',f3]; 
    save(f3P,'Perim')     
  
    f3D=['Diameter',f3]; 
    save(f3D,'Diam')     
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